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fate towards the Paneth lineage. Together, these in vivo studies suggest that Lgr5 is part of a feedback 23 loop to adjust the Wnt tone in ISCs. Moreover, transcriptome analyses revealed that fetal ISCs generate 24 their own extracellular matrix components, a property lost in adult ISCs, which adopt a definitive 25 epithelialized phenotype and an inflammatory response signature. Absence of Lgr5 in fetal ISCs resulted 26 in reduced extracellular matrix production and accelerated ISC maturation, indicating that Lgr5 27 regulates the ISC niche. Finally, evidences are provided that Rspondin 2 negatively regulates the pool 28 of ISCs in organoids via Lgr5, revealing a sophisticated regulatory process for Wnt signaling in ISC. 29
INTRODUCTION 30
The adult intestinal epithelium is a specialized tissue involved in nutrients absorption and protection 31 against pathogens or environmental toxic agents. Under homeostatic conditions, within few days, this 32 epithelium undergoes rapid and constant renewal supported by a pool of intestinal stem cells (ISCs), 33 also called Crypt Base Columnar cells, identified by the expression of the Lgr5 receptor [1] . Restricted 34 to the bottom of the crypts of Lieberkühn, ISCs have the capacity to both self-renew and give rise to 35 transit amplifying cells, which differentiate along the villus architecture into all the cell lineages of the 36 epithelium, i. e. absorptive Enterocytes, mucus-producing Goblet cells, hormones-secreting 37
Enteroendocrine cells, Paneth cells generating antimicrobial products and the Type 2 immune response-38 inducer Tuft cells [2] . Other populations of slowly-cycling or label-retaining reserve stem cells have 39 been identified able to efficiently regenerate the intestinal epithelium upon loss of Lgr5-expressing stem 40 cells; additional evidences have been provided for coexistence and possible mutual interconversion 41 between these two stem cell populations [3] [4] [5] . How the definitive crypt-villus architecture is reached in 42 the adult intestinal epithelium and how adult stem cells emerge and establish from the embryonic gut 43 tube deriving from endoderm, these are fundamental questions currently subject of active investigation. 44
By using transgenic mouse lines, evidences have been provided that Cdx2 is a master transcription factor 45 required for intestinal specification before the embryonic stage E14 [6] [7] . Thereafter, the intestinal 46 epithelium undergoes a profound remodeling, in part instructed by the underlying mesenchyme, leading 47 to appearance of separate domains constituted by villus and intermingled intervillus regions [8] [9] [10] . 48
Coherent with a proximal-to-distal wave of cytodifferentiation along the intestine mediated by the 49 Wnt/b-catenin pathway around E14.5, the Wnt/β-catenin target gene Lgr5 becomes upregulated and 50 identifies cells (ISC precursors) restricted to the intervillus regions that grow as adult-type organoids in 51 the ex vivo culture system [11] [12] [13] [14] In the present report, we further investigated the role of the Lgr5 receptor during intestinal development 67 by analyzing the transcriptome of Lgr5-expressing or Lgr5-deficient ISC just after the onset of the Wnt-68 mediated cytodifferentiation (E16) and in adult homeostatic tissues. We provide evidences that Lgr5 69 controls ISC maturation associated with acquisition of a definitive stable epithelial phenotype, that 70 depends on the capacity of ISCs to generate their own extracellular matrix. In addition, using the ex vivo 71
culture system, we demonstrate that the Rspondin 2 ligand negatively regulates the pool of ISCs in 72 organoids via the Lgr5 receptor. 73
RESULTS 74

In utero inhibition of Wnt activity counteracts premature Paneth cell differentiation induced by 75
Lgr5 deficiency in the intestine 76
To clarify the molecular function of the Lgr5 ISC stem cell marker in the embryonic intestine, we 77 investigated the potential phenotype of knock-in/knockout (KO) homozygous Lgr5 embryos from the 78 Lgr5-GFP-Cre ERT2 and Lgr5-DTReGFP mouse strains [1, 24] . Since Lgr5 KOs generated from both 79 transgenic lines showed neonatal lethality associated with ankyloglossia, histological analyses were 80 performed at E18.5. Despite no evidence of gross architectural epithelial alterations, Lgr5 KOs exhibited 81 early differentiation towards the Paneth lineage as revealed by Lendrum's staining as well as qRT-PCR 82 analysis of E18.5 tissues ( Fig 1A and B, Fig S1) , confirming previous studies on other mouse strains [21, 25] . In addition, quantification of the stem cell pool with the Olfm4 marker indicated 84 expansion of this population in the intervillus (IV) region of Lgr5 KOs as compared to that of wild-types 85 (WTs) ( Fig 1C) . Accordingly, Lgr5 KOs showed 4-fold increased expression of Wnt/β-catenin target 86 genes (Ascl2, Axin2), histologically detected in the IV region ( Fig 1D and E) . Of relevance, upregulation 87 of the truncated Lgr5 transcript itself was even higher [10-fold versus (vs) WTs], suggesting a negative 88 control of the Lgr5 receptor on its own expression ( Fig 1D) . Altogether, these data suggested that Lgr5 89 deficiency generates overactivation of the Wnt/β-catenin pathway in the prenatal small intestine that 90 induces an expansion of ISC precursors and leads to premature Paneth cell differentiation around birth. 91
In attempts to reduce in vivo the excessive Wnt signaling tone observed in Lgr5 KO embryos, we treated 92 pregnant females (Lgr5-DTReGFP and Lgr5-GFP-Cre ERT2 strains) with the orally administrable Wnt 93 inhibitor LGK974. This inhibitor of the acyl transferase Porcupine (which alters Wnt ligand secretion) 94 restores normal Wnt levels in tumor-bearing mice without affecting highly proliferative tissues such as 95 the intestine [26] . Pilot experiments demonstrated that the compound efficiently crosses the placenta but 96 that its administration before embryonic stage E11.5 can affect normal embryonic development ( Fig  97   S2A ). Then, we tested two different administration windows for daily oral gavage (dose of 3 mg/kg/day), 98
i.e. starting before (E13-E15) or during (E15-E17) the onset of Wnt-mediated cytodifferentiation ( Fig  99   2A ). When analyzed at E18.5, LGK974-treated tissues did not show any major alteration in the 100 6 epithelium ( Fig 2B) . Administration of LGK974 between E15-E17, but not earlier, reduced Paneth cell 101 differentiation in Lgr5 KOs to control levels ( Fig 2C, ,Fig S2B) . The treatment reduced expression of 102 Wnt target genes (Axin2, Ascl2, Lgr5 ex1) expressed by ISCs without significantly altering expression 103 of other reported stem cell markers (Hopx, Tert) ( Fig 2D, Fig. S2C ).
LGK974 administration also 104 induced downregulation of the Paneth cell marker Crypt5 but not that of other cell lineages markers (Fig  105   2D, Fig. S2C ). In contrast, attempts to upregulate Wnt/β-catenin signaling in Lgr5-expressing stem cells 106 between E15-E17 by a genetic approach via deletion of the β-catenin exon 3 (encoding the sequences 107 targeting the protein for proteasome degradation [27]) worsened the Paneth cell differentiation 108 phenotype in Lgr5 KO embryos as compared to Lgr5 HEs (2.29 ± 0.33 vs 1.15 ± 0.22 paneth cells/10 109 intervilli, respectively; p=0.0317) ( Fig S2D) . Together, these rescue experiments further strengthened 110 the notion that the Lgr5 receptor is involved in negative regulation of the Wnt/β-catenin activity at the 111 onset of cytodifferentiation in the embryonic intestine. 112
Postnatal induction of Lgr5 ablation in ISCs alters stem cell fate towards the Paneth cell lineage 113
To determine whether the phenotype observed in Lgr5-deficient embryos could be reproduced 114 postnatally (PN) when the Paneth cells normally emerge in control tissues, we generated conditional 115 deficient-Lgr5 mice (cKO). These mice are double heterozygous Lgr5 GFP-CreERT2/flox in which cre-116 mediated deletion of Lgr5 exon 16 causes a frameshift and a null phenotype [1, 17] . Following 3 117 consecutive tamoxifen injections to lactating females (PN days 6-8), we compared the fate of cKO Tom-118 recombined cells to that of control heterozygous (HE) Lgr5 GFP-CreERT2/+ /Rosa26R-Tom littermates after 119 10 days of chase ( Fig 3A) . No significant differences in terms of clone number were observed in Lgr5-120 ablated Tom +ve tissues as compared to controls, suggesting that stemness was preserved during this 121 period of chase ( Fig 3B, C) . However, cKO PN18 Lgr5-ablated Tom +ve tissues exhibited a clear bias 122 towards Paneth cell differentiation ( Fig 3B and D) . Such phenotype was observed in proximal and distal 123 small intestines ( Fig S3) . When Lgr5 ablation was induced in adults already bearing a definitive number 124 of Paneth cells in crypts, such phenotype was not observed 1 month after recombination; and no 125 significant differences were detected in the proportion of traced clones ( Fig 3B, D and E ). Together, 126 these data are consistent with the fact that loss of Lgr5 function in homeostatic adult tissues is not 7 associated with an overt phenotype [17] meanwhile absence of the Lgr5 receptor during the prenatal and 128 early postnatal stages impacts on stem cell fate. 129
Lgr5 controls extracellular matrix autocrine production in stem cells 130
To investigate the molecular pathways altered by Lgr5 deficiency, we analyzed the transcriptomic 131 profile of GFP +ve ISC precursors from Lgr5-DTReGFP HEs and KOs at E16.5. At this developmental 132 stage, potential impact of Paneth cells was excluded based on Lendrum'stainings. Two pools of Lgr5 133 HEs (n= 7 and 8) and Lgr5 KOs (n= 2 and 6) coming from 2 different litters were isolated by 134
Fluorescence-Activated cell sorting (FACS). RNAseq on these samples followed by differential gene 135 expression analysis identified 487 genes (96 upregulated/391 downregulated) modulated in Lgr5 KOs 136 vs HEs (False Discovery rate 0.1 and fold change above 1.5) ( Fig 4A and B ). Lgr5 deficiency was 137 strikingly associated with de-enrichment in the Epithelial Mesenchymal Transition Gene dataset (47 138 genes modulated out of 200 genes in the EMT dataset, p value 4.e -60 ) ( Fig 4B and C) . Gene Ontology-139
Panther analysis of this short gene list indicated profound reorganization of the matrisome with 140 significant reduction in Extracellular matrix (ECM) structural constituents, including collagen fibrils, in 141
Lgr5-deficient ISC precursors ( Fig 4B) . In accordance with ECM playing a role in development [28] , 142 downregulated genes were also associated with tissue development, morphogenesis and regulation of 143 cell migration ( Fig 4B) . Reduced expression of the Cadherin member Cdh11 and increased expression 144 of the apical junction component Claudin 4 (Cldn4) suggested enforcement of an epithelial phenotype 145 in Lgr5 KO precursors, coherent with evolution of these precursor ISCs towards a more mature stage 146 ( Fig 4A) . To test this hypothesis, we compared the transcriptomes of E18.5 embryos and adult Lgr5 HE Sucrase-isomaltase genes (Si) ( Fig S4A) . Together, these findings revealed that the transcriptome of 153 ligand increased in ISCs during the same period ( Fig 4D, Fig S4A) . In Lgr5-deficient ISCs, the Wnt5a- HEs ( Fig 4A) . Moreover, whereas the inflammatory response (involving TNFα/NFkB and IFN α/γ 170 pathways) was found upregulated during normal ISC maturation, this did not occur in E16.5 ISC KOs; 171 these cascades appearing downregulated as compared to E16.5 ISC HEs (with downregulation of Cxcl1, 172 Tnfaip3, Cxcl10 and Nfkbiz genes) ( Fig. 4A and B) . Surprisingly, when Lgr5 function was specifically 173 disrupted in adults using Lgr5 Cre/flox mice, most of the pathways downregulated in E16.5 KOs were 174 instead upregulated ( Fig 4E) . As an exception, the IFN α/γ pathway appeared similarly downregulated 175 in Lgr5-deficient embryo or adult stem cells ( Fig 4E) . Altogether, these data indicated that the 176 transcriptome of ISC significantly changes from prenatal to adult stage, acquiring a definitive epithelial 177 phenotype associated with: i) a net decrease in the capacity to generate its own extracellular matrix 178 niche, ii) a conversion in Wnt ligand autocrine production and iii) an increased ability to respond to 179 inflammatory signals. Moreover, absence of Lgr5 expression in the early ISC precursors (i.e. just after 180 their emergence in intervillus regions) leads to accelerated conversion of ISCs towards their epithelial 181 9 mature phenotype whereas acute ablation of Lgr5 in adults rather shifts epithelial stem cells towards a 182 mesenchymal-like phenotype. 183
Stemness is preserved in Lgr5-deficient organoids ex vivo 184
ISC co-express the two paralogue receptors Lgr4 and Lgr5 [17, 31] . Since deficiency for the Lgr4 185 receptor leads to ISC loss due to insufficient Wnt signaling in cultured crypts, we assessed the long-186 term growth properties of Lgr5-deficient ISCs in the ex vivo culture system [31] . Irrespective of the 187 mouse strain of origin, Lgr5 KO E18.5 small intestines generated a 3-4-fold increase in the absolute 188 number of growing organoids which exhibited higher complexity (measured by the branching 189 coefficient) as compared to WTs and HEs upon initial seeding ( Fig 5A) . Then, we assessed whether the for more than 20 passages ( Fig S5B) . Expression of Wnt target genes was maintained over passages as 198 compared to Lgr5 WTs ( Fig S5C) . Together, these results indicated that long-term replating of Lgr5 KO 199 organoids is preserved ex vivo, without evidence of Lgr5 deficiency leading to loss of stemness. 200
Rspondin 2 ligand/ Lgr5 receptor interaction regulates stem cell fate in organoids ex vivo 201
Rspondins (Rspo1/Rspo2/Rspo3/Rspo4) have been reported to behave as redundant ligands for Lgr 202 receptors, leading to enhanced Wnt/β-catenin activity [16] [17] [18] [19] [20] . We investigated the impact of Rspondin 203 members on organoid growth ex vivo by culturing Lgr5-DTReGFP WTs isolated from E18.5 small 204 intestines in the Sato medium containing EGF, Noggin plus either mRspo1 or mRspo2. Both conditions 205 allowed efficient growth of Lgr5 WT organoids after 5 days of culture ( Fig 6A) . However, when cultured 206 in Rspo2 medium, organoids emitted elongated protrusions as compared to those grown in the Rspo1 207 medium ( Fig 6A) . As assessed by qRT-PCR analysis, culture of WT organoids in mRspo2 conditions 208 induced downregulation of the stem cell markers Ascl2 (by 70%), Axin2 and Olfm4 (by 30%) as well as 209 the Lgr5 gene itself (by 40%) as compared to mRspo1 conditions ( Fig 6B) . Accordingly, in situ 210 hybridization and immunohistochemistry experiments confirmed decreased Axin2 expression in crypt-211 like domains and reduction in the proportion of Olfm4-expressing cells in WT organoids in Rspo2 vs 212 Rspo1 conditions ( Fig 6C) . In contrast to WT organoids, KO organoids did not demonstrate such 213 morphological differences in Rspo1 and Rspo2-containing media ( Fig 6A) . Wnt target gene expression 214 remained at higher levels in Lgr5 KO organoids as compared to WTs irrespective of the Rspondin type 215 used for culture ( Fig 6B and C) . Therefore, these data indicated that Rspo ligands do not exhibit 216 redundant functions on ISCs grown ex vivo, this likely involving the Rspo2/Lgr5 axis. Further, to 217 determine whether this interaction in ISCs can also affect cell differentiation, we analyzed the expression 218 of specific cell-lineage markers by qRT-PCR ( Fig 6D) . Replacement of Rspo1 by Rspo2 did not impact 219 on ChgA +ve enteroendocrine or Muc2 +ve Goblet cell differentiation, but induced a bias towards the SI +ve 220 absorptive lineage to the expense of the Crypt5 +ve Paneth cell type in WT organoids ( Fig 6D) . Analysis To investigate the molecular mechanisms associated with premature Paneth cell differentiation 249 in Lgr5-deficient embryos at birth, the transcriptomes of heterozygous (control) and homozygous (KO) 250
ISCs were compared at E16.5. Deficiency for Lgr5 induced a profound downregulation of many 251 extracellular matrix (ECM) components i.e. collagens, proteoglycans (versican, decorin,), glycoproteins 252 (laminin a4, fibronectin, thrombospondins, nidogens) and ECM-associated modifying proteins (Adamts 253 proteases, Lysyl oxidase, cytokines, glycosaminoglycan-modifying heparan sulfate sulfotransferase), all 254 involved in matrisome formation and maintenance. The highly dynamic matrisome, defined by a core 255 of ~ 300 proteins localizing at the basement membrane (between epithelial cells and stromal cells) and 256 in the neighboring interstitial space, is known to regulate tissue development, as well as fibrosis and 257 cancer progression in adults [28] . Our findings provide evidences that early ISC precursors (E16.5) are 258 themselves able to synthesize their own ECM components, in particular collagen fibrils known to control 259 matrix stiffness, this conferring to these epithelial cells some kind of mesenchymal-like properties. 260
Coherent with a recent report demonstrating that softening of the matrigel in the ex vivo culture system 261 enhances stem cell differentiation in adult ISC-derived organoids, we observed that decreased 262 highlight the interest to conduct further studies addressing the role of this receptor on the metastatic 276 potential of cancer cells. Our study also sheds new lights regarding molecular mechanisms associated 277 with ISC maturation. Indeed, in addition to Wnt signaling, other pathways were identified to be 278 modulated in ISCs during this process, in particular the inflammatory response that was induced in 279 13 adults vs E18.5 ISCs. Remarkably, in E16.5 Lgr5-null ISCs, transcriptome data suggested that the 280 TNFα, and IFNα/γ pathways, well known to crosstalk with the Wnt cascade in a complex way, appeared 281 downregulated as compared to control ISCs [38] [39] . Future studies will be needed to determine if ISC 282 maturation in Lgr5-null embryos, is not only accelerated but also improperly executed in this regard. 283
Initial in vitro studies, identifying Rspondins (Rspo1/Rspo2/Rspo3/Rspo4) as ligands for the 284 three Lgr paralogues, suggested both ligand and receptor redundancy [16] [17] [18] [19] . However, evidences have 285 been provided that Rspo2, but not other members of this family, exhibits tumor suppressive activity on Aldrich)/ethanol mixture (9:1) at 10 mg/ml and used at a dose of 0.1 mg/g of body weight for gestating 315 and lactating females or at a single dose of 2 mg for adult mice by intra-peritoneal injection. 316
Tissue processing and immunohistochemical analysis 317
Small intestine samples were immediately fixed with 10% formalin solution, neutral buffered (Sigma-318
Aldrich) overnight at +4°C and then sedimented through 30% sucrose solution before OCT embedding. 319
Histological and X-gal staining protocols as well as immuno-fluorescence/histochemistry experiments 320 on 6 µm sections were carried out as previously described [21] . Lendrum's staining was performed 321 according to the manufacturer's instructions (cat # 631340, Clinitech, UK). The primary antibodies used 322 for staining were: rabbit anti-Olfm4 (Cell Signaling), rabbit anti-Plyz (Dako), rat anti-RFP (Chromotek), 323 mouse anti-beta-catenin BD). Samples were visualized with Zeiss Axioplan 2 (immunohistochemistry) 324 or Zeiss Observer Z1 microscope (immunofluorescence). assembling, gene level counts were obtained using HTSeq. Genes differentially expressed were 360 identified with EdgeR method (FDR 0.1 and Fold change 1.5) and hallmarks were analyzed using GSEA 361
MolSig (Broad Institute) [45] . Then, Gene pattern was used to compare by pre-ranked GSEA E16.5 362 Lgr5 KO vs HE; Adult HE vs E18.5 HE, or Adult Lgr5 KO vs HE transcriptomes with Gene data sets 363
[46]. Gene Ontology was used to identify biological processes [47] . Transcript profiling: GEO accession 364 number will be communicated upon publication. 365
Statistical analysis 366
Statistical analyses were performed with Graph Pad Prism 5. All experimental data are expressed as 367 mean ± s.e.m. The significance of differences between groups was determined by appropriate parametric 368 or non-parametric tests as described in Figure legends . 369
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